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Abstract
DNA sequences are increasingly used for taxonomic and functional assessment of environmental com-
munities. In mycology, the nuclear ribosomal internal transcribed spacer (ITS) region is the most com-
monly chosen marker for such pursuits. Molecular identification is associated with many challenges, one 
of which is low read quality of the reference sequences used for inference of taxonomic and functional 
properties of the newly sequenced community (or single taxon). This study investigates whether public 
fungal ITS sequences are subjected to sufficient trimming in their distal (5’ and 3’) ends prior to deposi-
tion in the public repositories. We examined 86 species (and 10,584 sequences) across the fungal tree of 
life, and we found that on average 13.1% of the sequences were poorly trimmed in one or both of their 5’ 
and 3’ ends. Deposition of poorly trimmed entries was found to continue through 2016. Poorly trimmed 
reference sequences add noise and mask biological signal in sequence similarity searches and phylogenetic 
analyses, and we provide a set of recommendations on how to manage the sequence trimming problem.
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Introduction
Molecular (DNA-based) species identification is the process by which newly gener-
ated DNA sequences are examined for taxonomic affiliation and sometimes functional 
aspects by comparison to reference sequences of firmly established taxonomic origin. 
It is a powerful tool to identify organisms, particularly those with few or no discrimi-
natory morphological characters and those with cryptic or inconspicuous life styles 
(Pečnikar and Buzan 2014). Fungi are one such group (Stajich et al. 2009). Molecular 
exploration of substrates such as soil, water, and even household dust from the built en-
vironment has revealed a spectacular diversity of hitherto unrecognized fungal lineages 
(Grossart et al. 2016, Nilsson et al. 2016, Abarenkov et al. 2016), and recent estimates 
put the number of extant fungal species at upwards of 6 million (Blackwell 2011, Tay-
lor et al. 2014). The number of recognized, validly described species, in contrast, stands 
at ~135,000 (http://www.speciesfungorum.org, July 2017). Fruiting bodies or other 
tangible somatic structures are not known for any of the 40 previously unknown fungal 
lineages examined by Tedersoo et al. (2017), and at present DNA-based methods rep-
resent the only way to approach the taxonomic affiliation of these and other lineages.
Several factors combine to make molecular identification of fungi complicated. 
In addition to the lack of reference sequences for more than 99% of the estimated 
number of extant species of fungi, technical complications such as chimera formation 
and low read quality may introduce noise and bias to such efforts (Hyde et al. 2013, 
Kõljalg et al. 2013). To some extent, software tools are available to exercise some degree 
of control over these complications (e.g., Edgar et al. 2011, Bengtsson-Palme et al. 
2013). Furthermore, many – perhaps even most – researchers seem to be aware of the 
need to approach existing as well as newly generated sequences in a critical way (e.g., 
Nilsson et al. 2012, Alm Rosenblad et al. 2016), which nevertheless does not appear to 
prevent substandard entries from being deposited in the databases of the International 
Nucleotide Sequence Database Collaboration (INSDC: GenBank, ENA, and DDBJ, 
Schoch et al. 2014, Cochrane et al. 2016). Such substandard INSDC entries may 
skew research efforts through, e.g., BLAST sequence similarity searches (Altschul et al. 
1997) or inclusion in multiple sequence alignments and phylogenetic analyses.
One aspect of sequence reliability that remains largely unexplored is quality trim-
ming of the distal (approximately 25 bases at the very 5’ and 3’) ends of Sanger se-
quences. Owing to the nature of the Sanger sequencing process, the very first bases are 
often hard to resolve due to the presence of un-incorporated nucleotides and leftover 
primers. Similarly, the signal-to-noise ratio typically drops with the length of the am-
plicon in that it becomes increasingly difficult to separate amplicons of near-identical 
lengths from each other on the electrophoresis gel. Thus, an important part of Sanger 
sequencing is to inspect the resulting chromatograms and remove any noisy distal se-
quence parts in the newly generated sequence data. This step is, however, sometimes 
overlooked. When working with INSDC data for fungal molecular identification and 
sequence analysis purposes, we regularly come across entries whose distal ends appear 
to be very poorly trimmed. They may feature extended homopolymer regions (e.g., 
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AAAAAAAAA…) or stretches of seemingly random bases that are not found in other 
conspecific sequences (Nilsson et al. 2012). These potentially noisy sequence ends make 
it difficult to judge BLAST results: are the mismatches in the distal ends of sequences 
due to actual biological (nucleotide) differences, or is the reason for the mismatches 
simply low read quality owing to poor trimming of the reference sequences? There is no 
direct way of knowing, although clues can perhaps be gleaned from the BLAST align-
ment and comparison with other conspecific sequences. We fear that, in many cases, 
researchers will not ponder this question, but will rather assume (or will use automated 
sequence processing tools that assume) that the mismatches observed are of a biological 
nature. This will translate into compromised molecular identification, suboptimal as-
signment of taxonomic affiliations, and unsatisfactory use of sequence data.
The problem is of particular concern for the nuclear ribosomal internal transcribed 
spacer (ITS) region, the formal fungal barcode and the most popular genetic marker 
for assessing the taxonomic composition of fungal communities (Schoch et al. 2012, 
Lindahl et al. 2013). This marker is used by hundreds of studies annually, such that the 
ramifications of poorly trimmed reference sequences could taint the results of numer-
ous studies each year (cf. Gilks et al. 2002). In an effort to assess the extent of poor se-
quence trimming in the public sequence repositories, we compared the ITS sequences 
from 86 fungal (draft) genomes with the public fungal ITS sequences from the same 
species in the INSDC. We found that in many cases, researchers do not seem to have 
applied stringent sequence trimming; indeed, in many cases, researchers do not appear 
to have inspected the chromatograms at all before depositing the sequence data in the 
INSDC. We conclude by offering a set of observations and recommendations to allevi-
ate the sequence trimming problem in present and future molecular research efforts.
Materials and methods
Retrieval of reference ITS sequences from genomes
The ribosomal operon is regularly left out from genome sequencing efforts due to 
assembly difficulties (Schoch et al. 2014, Hibbett et al. 2016), such that there is no 
straightforward way to obtain the ITS region from all existing fungal genomes (as has 
been reported for other genes, Bai et al. (2015)). We therefore used BLAST in the 
NCBI Whole Genome Shotgun database (https://www.ncbi.nlm.nih.gov/genbank/
wgs/) to identify fully assembled ribosomal regions, using the very conserved 5.8S 
gene of the ITS region as the BLAST seed. Of the 130 matches returned, 86 were 
found to represent full-length ITS regions of distinct species that were also represented 
by at least one reasonably full-length Sanger-derived ITS sequence in the INSDC. In 
addition to the full ITS region, we kept 50 bases of the upstream nuclear ribosomal 
small subunit (nSSU/18S) gene and 50 bases of the downstream nuclear ribosomal 
large subunit (nLSU/28S) gene in the genome-derived ITS sequences to guide the 
subsequent alignment step.
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Retrieval of INSDC sequences
For each of the 86 species (spanning 3 fungal phyla and 29 orders, Suppl. material 1), we 
downloaded all reasonably full-length ITS sequences from the INSDC using the NCBI 
query phrase “Species name[ORGN] AND 5.8S[TITL] AND 200:900[SLEN]”. We 
were specifically interested in sequences generated using the traditional ITS1/ITS1F 
and ITS4/ITS4B primer sets (cf. Tedersoo et al. 2015) since sequences of this coverage 
are frequently used in DNA barcoding and systematics efforts (Lindahl et al. 2013). 
Each set of conspecific sequences (the genome-derived sequence plus the conspecific 
INSDC sequences) was aligned separately in MAFFT 7.307 (Katoh and Standley 
2013), and sequences found to contain more than 50 bases of SSU or more than 50 
bases of LSU were excluded. Similarly, sequences found to lack more than 50 bases of 
the 5’ end of the ITS1 region, or more than 50 bases of the 3’ end of the ITS2 region, 
were discarded. Alignments were adjusted manually, as needed, following Hyde et al. 
(2013). Sequences found to be chimeric, taxonomically misidentified, or the subject 
of other severe technical complications were removed from the alignments prior to sta-
tistical analysis. Wherever we found evidence of significant taxonomic variation (e.g., 
cryptic species) in the alignments, we removed all sequences (alleles) that we deemed to 
come from a different cryptic species/allele compared to the genome-derived sequence 
in question. In this study we sought to compare sequence variation in the context of 
poor sequence trimming rather than in the context of major sequencing artifacts, cryp-
tic species, or allelic divergence.
Multiple sequence alignment and analysis
We went through each position in each of the alignments, starting from the 50th-to-
last base of the SSU to the 50th base of LSU, and noted the proportion of INSDC 
sequences that produced a different nucleotide base from that of the corresponding 
genome-derived ITS sequence. All three of DNA base mismatches, gaps, and DNA 
ambiguity symbols (Cornish-Bowden 1985) were counted as mismatches. For each se-
quence in the alignment, we calculated the dissimilarity (proportion of mismatches) as a 
function of its relative position. The dissimilarities of the 86 species were then combined 
using a weighted average with weights proportional to the total number of available 
sequences for each species. The standard errors were calculated based on the correspond-
ing weighted sample standard deviation. To examine the average age (NCBI date of last 
modification) of the poorly trimmed sequences, all sequences with at least 5% average 
dissimilarity among the 5% of its first bases or 5% of its last bases were classified as 
“potentially poorly trimmed”, and their date of NCBI modification was assessed. The 
association between year and proportion of “potentially poorly trimmed” sequences was 
examined using overdispersed Poisson rate regression. The relative number of “poten-
tially poorly trimmed” sequences was used as the response variable and time (year) as 
covariate. All statistical analyses were done in R 3.2.1 (R Core Team 2017).
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Results
Multiple sequence alignment
The 86 multiple sequence alignments, each covering at most 50 bases of the SSU, the 
full ITS region (minus at most 50 bases of the 5’ end of ITS1 and/or 50 bases of the 
end of ITS2), and at most 50 bases of the LSU, are provided in Suppl. material 2. The 
average length of the alignments was 648 bases (SD: 90, min: 416, max: 941), and the 
average number of sequences was 123 (SD: 219, min: 1, max: 1586).
Read quality variation
The plotting of disagreements with respect to the genome-derived sequences revealed 
that insufficient trimming of sequence data seems to be a widespread problem (Figs 1–2). 
An average of 13.1% of the sequences (SD: 19.6%) in each alignment were classified as 
“potentially poor trimmed”, i.e. they showed at least 5% dissimilarity compared to the 
corresponding genome sequence over the first or last 5% of the aligned bases. For the 
remaining (non-distal) bases, those values were down to 0.22% (SD: 0.90%). The dis-
similarity was found to be 7.9% and 5.3% in the 5’ and 3’ ends, respectively (Fig. 2b–c). 
The proportion of potentially poorly trimmed sequences was consistently high over the 
years 1997-2016, with a weak but significantly increasing trend (p=0.0291, Fig. 3).
Discussion
We provide data to suggest that many public DNA sequences are poorly trimmed in their 
distal parts. The fact that poorly trimmed sequences continue to be deposited through 
2016 furthermore suggests that this problem will not go away by itself over time. We 
hope that the present paper will serve as an eye-opener, both for researchers who risk using 
the poorly trimmed data for molecular identification and for researchers generating and 
depositing sequences in public sequence repositories. The way it is now, these sequences 
may confound sequence similarity searches by falsely suggesting that two sequences (bio-
logical entities) are less similar than what really is the case. This reduces the precision in 
taxonomic and functional assessment – whether manual or carried out through some 
software pipeline – of newly generated sequences. Other kinds of sequence analysis, such 
as phylogenetic analyses, will similarly be distorted by poorly trimmed sequences.
Fortunately, managing read quality in Sanger sequences is fairly straightforward. 
The chromatograms, indicating the relative signal strength for each of the four purines/
pyrimidines C, T, A, and G for each position in the sequence, are a key resource in this 
pursuit. Brief guidelines for how chromatograms should be processed are available in 
Hyde et al. (2013) and through various textbooks, online tutorials, and troubleshoot-
ing guides (e.g., Kearse et al. 2012, Green and Sambrook 2012). Trying to squeeze out 
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Figure 1. Example of poorly trimmed sequences (sequence four and on) from the species Setosphaeria 
turcica. The 5’ end of the alignment is shown, and the poorly trimmed sequences cover the last ~5 bases of 
SSU and the immediate start of ITS1. The topmost sequence is genome-derived, and sequences two and 
three are regular Sanger sequences retrieved from the INSDC from other studies than the one with the 
poorly trimmed sequences (sequences four and on). SeaView v. 4 (Gouy et al. 2010) was used to visualize 
the alignment.
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Figure 2. Public fungal ITS sequences are subjected to insufficient trimming in their distal ends. Panel a 
shows the dissimilarity (y-axis) as a function of the relative sequence position (x-axis). The plot is based on 
10,584 sequences from 86 species. Panel b and c show zoom-ins of the 5’ and 3’ ends, respectively. Dashed 
lines indicate point-wise standard errors.
extra information from chromatograms by progressing too far in the 5’ or 3’ ends is not 
a good idea, and researchers should make it a habit to crop sequence ends aggressively. 
Generally speaking, habitually trying to salvage sequences with chromatograms of mod-
est overall quality is not likely to be in the best interest of science. In most cases, it would 
appear to be better to re-process and re-sequence the material using other DNA extrac-
tion protocols, primers, or PCR conditions (cf. Larsson and Jacobsson 2004, Young et 
al. 2014, Lorenz et al. 2017). Finally, sequence similarity searches using BLAST may be 
used to get an idea of the technical quality of newly generated sequences (cf. Hyde et 
al. 2013), including at least cursory inspection of whether the distal ends of sequences 
are trimmed well enough. BLAST is, however, a somewhat blunt tool when it comes to 
assessing the read quality of sequence ends and we recommend it as a complement to, 
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rather than as a replacement of, manual inspection of chromatograms. NCBI recently 
launched a unified system for multiple rRNA submission types, the Submission Portal 
(https://submit.ncbi.nlm.nih.gov/). This includes an ITS submission wizard specifically 
tailored to provide various verification steps that should decrease the likelihood of low 
quality submissions. This includes the use of ITSx (Bengtsson-Palme et al. 2013) to im-
prove annotation, vector screening and automatic trimming, plus/minus mis-assembly 
checks, and trimming or removal of sequences with a high number of ambiguities. 
Hopefully, this will raise the awareness on part of sequence authors of the need to screen 
sequence data for quality issues prior to deposition.
In this study we show that incomplete (or lack of ) trimming of sequence ends 
remains abundant in molecular mycology. Although this was expected based on our 
experience, this is the first study to provide at least an initial estimate of the magnitude 
of the problem. We used genome-derived ITS sequences from 86 fungal species from 
29 different orders in our pursuit, such that we think that it is reasonable to extrapo-
late our findings to the fungal kingdom at large. Furthermore, we cannot think of any 
reason why this would be a uniquely fungus-specific problem, and we consider that 
our findings in fact may hold true for Sanger sequences from all genes and groups of 
organisms, possibly excluding groups and genes that only a few meticulous researchers 
have worked on. We would, however, like to stress that we provide estimates rather 
than hard facts. Our approach relied on genome-derived ITS sequences, and we quan-
tified deviations from the genome sequences among conspecific ITS sequences in the 
INSDC as assessed through species names (Latin binomials). However, some degree 
Figure 3. The proportion of poorly trimmed (y-axis) fungal ITS sequences submitted to the INSDC does 
not decrease over time (x-axis). The regression line (dashed), which was derived by overdispersed Poisson 
rate regression, shows a weak but significant increasing trend (yearly relative increase of 0.047, p=0.0291).
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of deviation from the genome-derived sequences is expected, since intraspecific ITS 
variation may reach 3% or in some cases more (Schoch et al. 2012, Garnica et al. 
2016). Similarly, the multicopy nature of the ITS region is a potential complication 
in that we may inadvertently have used a rare and perhaps deviant genome ITS copy 
and compared it to more common ITS copies (cf. Lindner et al. 2013). That said, such 
intraspecific or intragenomic variation is not known to be limited to the very start and 
end of the ITS region or other genetic markers and should not be able to produce the 
pattern seen in Figs 1 and 2a. In addition, we explicitly sought to avoid comparing 
sequences across different alleles and cryptic species by excluding sequences that did 
not match the respective genome-derived sequence closely.
In conclusion, we have shown beyond reasonable doubt that there is room for im-
provement in the way the mycological community – and to some degree the scientific 
community at large – trim their DNA sequences. The poor sequence trimming leaves 
a mark on all subsequent studies that make use of those sequences through BLAST 
searches or otherwise. Mycology faces enough challenges as it is without having to 
worry about the burden of poorly trimmed sequences (cf. Pautasso 2013), and we 
hope that this study will serve as a wake-up call when it comes to trimming of sequence 
entries in mycology and elsewhere.
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